ABSTRACT. A finite element model was modified to use a constitutive relationship of soil compaction that included the effects of both normal and shearing stresses. Predicted values of soil stress were compared against results from a laboratory experiment. All predicted values at final deformed depths less than 03 m were within the 95% confidence intervals of the measured values, but at deeper depths most of the predictions fell outside the 95% confidence intervals of the measured values. Keywords. Finite element analysis. Model, Soil compaction. S oil compaction models are useful tools for estimating the magnitude of soil compaction. Typically, the input for these models is the magnitude of stress at a point in the soil profile, and output is the amount of volumetric strain for a prediction of soil density. The input requirements present a problem because values of stress in the soil are not normally known. Usually, the only inputs farmers know are the weight of their vehicle, tire size and inflation pressure or track size, and their particular soil condition. Farmers want to know (a) the maximum amount of soil compaction that will take place in the soil, (b) the extent of damage to the soil (i.e., how deeply it will be compacted excessively), (c) how much sinkage the load causes, and (d) how their crop yield will be affected. One must conclude that current soil compaction models are inadequate.
accuracy of the predictions is only as good as the constitutive relationships provided to the finite element model. Earlier attempts at using a finite element model to solve the soil compaction problem were probably hampered by deficiencies in constitutive stress-strain relationships for soil. Until recently, soil compaction models did not adequately relate shearing stress and strain. However, with the development of stress-strain-compaction relationships for soil at the National Soil Dynamics Laboratory (NSDL) and Aubum University, improvements in predicting soil compaction with the finite element method are possible.
The objectives of this research effort are to:
• Develop appropriate techniques for predicting tangential linear-elastic parameters from the constitutive relationship.
• Incorporate a soil compaction model that uses both normal and shearing stresses into a finite element model. • Compare and evaluate the predicted stress levels against laboratory tests.
LITERATURE REVIEW
The earliest soil compaction models considered the major principal compressive stress to be the most relevant predictor of soil compaction (Chancellor et al., 1958) . Researchers assumed that for tire induced soil compaction, the stress that caused the most damage was the vertical stress. This theory was practical and was easily modeled in a shallow cylinder by performing a confined compression test (Larson et al., 1980) . Because of the shallow soil depth, there was only slight stress variation from top to bottom, and the major principal stress was the controlling factor. This theory was reasonable for shallow cylinders, but is not adequate for deep field soils that have significantly larger shearing stresses.
As researchers learned more about the compaction process, other methods of predicting soil compaction were sought. Mean normal stress (one third of the first invariant of the stress tensor) was investigated by Vanden Berg et al. (1958) . They observed that the mean normal stress was a better predictor of soil compaction than the major principal VOL. 37(5): 1417-1422
Transactions of the ASAE compressive stress which did not adequately consider the confining stress.
A continuation of this approach was used by Bailey et al. (1984) . They established a relationship based on hydrostatically loaded soil samples in a triaxial apparatus. For the case of hydrostatic loading, the mean normal stress equaled the hydrostatic pressure applied. Volumetric strain was predicted as a function of the applied stress.
8^ = (A + Bahyd)x[l-e(-Cahyd)]
(1) where = volumetric strain, (change in volume/original volume) <^hyd == hydrostatic stress (kPa) A, B, C =-compactibility coefficients established by fitting data to equation This model fit the laboratory data well, but for field use it was limited by the assumption of hydrostatic stress loading.
Raper and Erbach (1990b) used equation 1 as a constitutive relationship in a nonlinear finite element model to determine if soil stresses could be accurately predicted. They modeled a flat circular plate and a spherical plate which applied a 12.5-kN and a 25-kN load to the soil surface. Results from the finite element model and from transducers placed in the soil showed that the prediction accuracy was affected by the load-applying devices. Stress values beneath the flat plate were predicted very accurately while those beneath the spherical disk were not. One of the reasons given for the inadequate predictions in the spherical disk loading case was that shear stress was not taken into consideration.
Other research indicated that the maximum amount of soil compaction did not occur near the surface where the load was applied (Chancellor et al., 1962) . If the soil behaved like a solid continuum, the largest compaction should be next to the load application at the surface and should decrease as the distance into the soil increases. Soil behaves like a continuum only up to a point, however, and then behaves like a particulate medium as the shearing stresses become greater than the failure limits. When failure occurs, the soil moves and increased amounts of compaction are found some distance from the soil surface.
An adequate soil mechanics description of the soil compaction process should include not only the normal stress effects but also shearing stress effects. Failure to include both sets of effects could limit the general effectiveness of the compaction model and make it unusable for field research. However, neither shearing stress nor its effects are easily measured in soil. The best method developed so far has been to use normal pressures measured in a particular orientation to calculate the shear stresses. A transducer that provides data from which the shearing stress can be calculated was developed at the NSDL and Auburn University by Nichols et al. (1987) . This stress state transducer (SST) measured the normal stress in six directions, three of which are orthogonal. All six measurements were used to establish the stress tensor from which the principal stresses were derived. From these stresses, the octahedral normal and shearing stresses were calculated.
The recognition of the importance of shearing stress led to the development of a new soil compaction model (Bailey and Johnson, 1989) . This model predicts the volumetric strain as a function of the octahedral normal and shearing stresses. 
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MODEL DEVELOPMENT
Two linear-elastic parameters are necessary for structural finite element models: Poisson's ratio and Young's modulus. Both parameters were initially defined for isotropic, homogeneous, linear-elastic materials. To use the linear-elastic parameters for a particulate material such as soil, certain of these assumptions must be neglected. Usually, the disregarded assumptions cause no problem and reasonable predictions result. However, it is important to note that the technology of finite element analysis was not developed for particulate material and problems can occur because of the particulate nature of soil.
Poisson's ratio was originally defined as (Popov, 1976) :
Values assumed for Poisson's ratio are between 0.1 (some concretes) and 0.5 (rubber). This relationship is assumed to hold for both tensile and compressive stresses. However, when using this relationship, we must remember that it was defined for a situation in which the normal stresses perpendicular to the axial direction was zero. Applying the concept of Poisson's ratio to soil is valid, but certain assumptions must be made to obtain reasonable values from laboratory tests. The tensile stress that soil can withstand is very small and, therefore, tests to determine Poisson's ratio in soil are usually compressive. Also, unless the soil is compacted or cemented, a small normal compressive stress in the lateral direction must be maintained to keep the soil from failing prematurely. As a soil goes through the compacting process, Poisson's ratio will change. Initially, a soil may be very loose and have a low value of Poisson's ratio. As it is compacted, thereby increasing its Poisson's ratio, it will translate more force radially. Thus, Poisson's ratio should be considered variable throughout the soil compaction process. Assuming a high constant value initially would underpredict the soil compaction and its distribution.
A nonlinear relationship of Poisson's ratio is therefore needed to enable this parameter to vary with varying stress levels. A relationship that enabled Poisson's ratio to be incrementally calculated was developed by Duncan and Chang (1970) . Determining Poisson's ratio for this research effort involved using equations 3, 5, and 6. First, the normal stresses a^, OQ, O^, and the shearing stress x^^ for each element produced by the axisymmetric finite element model were used to calculate the principal stresses and the octahedral normal and shearing stresses. Next, the octahedral stress ratio was examined to decide if plastic flow had occurred (eq. 3). A problem with instability of the finite element model forced us to increase the values of the minor stress components up to a point that restricted plastic flow. The magnitude of the minor principal stress was derived from the axisymmetric relationships (02 = 03) for octahedral normal and shearing stress and equation 3.
V2-K V2+2K (7)
where Gj = major principal stress 03 = minor principal stress K = coefficient representing soil plastic flow yield from equation 3 The portion of equation 7 contained in parentheses was calculated to be 0.24 for Norfolk sandy loam soil. This instability problem and modification procedure was due to uncompacted agricultural soils having little inherent strength. At low stress levels, a small amount of lateral stress was necessary to prevent uncompacted agricultural soil from collapsing. Knowing values of octahedral shearing stress, octahedral normal stress, and octahedral normal strain (volumetric strain), the octahedral shearing strain was calculated (eq. 6). Assuming axisymmetric geometry, the directional strains were then determined from their basic engineering relationships. These directional strains are then used to determine Poisson's ratio (eq. 5). Figure 1 shows the effect of the presence of shearing stress on Poisson's ratio. When no shearing stress was present (hydrostatic loading), Poisson's ratio changed dramatically as the load increased across the mean normal stress range of 50 to 500 kPa. When the major principal stress was the only load applied and a maximum amount of shearing stress existed, the curve flattened dramatically. The interpretation of these curves is thus; in extremely loose soils where stresses are small (stress < 100 kPa), the presence of shearing stress tends to decrease Poisson's ratio, while in more compacted soils where the stresses are larger, the presence of shearing stress tends to increase Poisson's ratio.
The other linear-elastic parameter. Young's modulus, is somewhat easier to measure and predict. Young's modulus is a measure of the stiffness of the material and is defined as: Young's modulus can be determined by using the finite element-computed volumetric strain and the previously predicted Poisson's ratio. Figure 2 shows how this parameter responds to changes in principal stress and shearing stress. As with Poisson's ratio, this linear-elastic parameter also displays a great amount of sensitivity to changes in shearing stress.
The previously discussed methods of predicting Poisson's ratio and Young's modulus were used in an axisymmetric finite element model to predict the soil stresses and soil compaction beneath a 25-cm radius, circular steel plate (Raper and Erbach, 1990b ). An experiment was carried out in the soil bins at the NSDL that used this plate to apply a 25-kN load to the soil surface. Three replications of the experiment were performed and measurements of soil condition and surface deformation were recorded. The SSTs developed at the NSDL were also used to measure the stresses in the soil at two depths (15 and 25 cm) and at two radial locations (at the center and at 20 cm radially) beneath the flat plate.
The average of the surface deformations (19.6 ± 0.7 cm) recorded from the laboratory experiment were used to incrementally load the finite element model. Stress values from comparable depths in the finite element model were compared with results from the laboratory experiment. Stresses compared were vertical, octahedral normal (mean normal), major principal, and octahedral shearing.
RESULTS AND DISCUSSION
Generally, the stress levels predicted by the finite element soil compaction model exceeded the 95% confidence intervals of the SST-measured-values in seven of 16 cases. At the shallow SST depths, all predictions were within the confidence intervals, but near the hardpan, the predictions were not as accurate.
For the predicted vertical stress contours ( fig. 3) , both of the shallow points were within a 95% confidence interval (table 1) 
